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| SYNOPSIS 


Tests were carried out on 10 large slab-column specimens, of which six contained 
zmbedded service ducts. These specimens were made with lightweight-aggregate 
voncrete and high-strength reinforcement. They were so designed that the load 
zapacity of three specimens was governed by the flexural strength of the slab; five, 
including two with shearhead reinforcement, were governed by shear at the 
slab-column junction; and the remaining two were governed by combined shear and 
unbalanced moment at the slab-column junction. 

The tests show that embedded service ducts can safely be used in flat plates; 
however, these ducts should be kept at least twice the slab thickness away from a 
column. 


Keywords: research, flat concrete plates, flat concrete slabs, lightweight aggregate 
concretes, embedded service ducts, flexural tests, shear tests, punching shear, 
reinforcing steels, high strength steels. 


HIGHLIGHTS 


Architects and engineers are increasingly 
integrating electrical and mechanical ser- 
vice systems into the structural compo- 
nents of concrete buildings. In floor slabs, 
embedding metal service ducts in the 
concrete provides a highly efficient means 
of meeting telephone, power, and signal 
requirements. 


Scope 

The aim of the investigation was to 
provide information on the strength and 
behavior of flat-plate floors when ducts 
are embedded in the slabs. Ten tests were 
conducted on large specimens consisting 
of a 12-ft. 10-in. square, 8-in.-thick slab, 
and a centrally located column, as shown 
in Fig. 1. The test specimens were made 
with a sanded lightweight-aggregate con- 
crete and Grade 60 reinforcement. 

Three specimens, each containing a 
20-in.-square column, were designed and 
loaded so that their capacity was depend- 
ent on the flexural strength of the slab. 
The capacity of five specimens, each 
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containing a 14-in.-square column, was 
dependent on the shear strength of the 
slab-column junction. Two of these five 
specimens contained shearhead reinforce- 
ment fabricated from 4-in. I beams. Arms 
of the shearheads projected 13 in. out- 
ward from each face of the column. The 
capacity of the remaining two specimens, 
each containing a 20-in.-square column, 
was dependent on the combined shear 
and unbalanced moment strength of the 
slab-column junction. 

Six of the 10 test specimens contained 
a two-level system of both 7-1/4x1-3/8- 
in. and 3-1/8x1-3/8-in. metal ducts em- 
bedded in the slab. Two of these six were 
in the group of specimens whose capacity 
was dependent on the flexural strength of 
the slab, three were in the shear group, 
and one was in the combined shear and 
unbalanced moment group. The principal 
variable was the location of the duct with 
respect to the face of the column. Lines 
of duct were located either adjacent to or 
twice the slab thickness from one face of 


the column. 


Portland Cement Association, Skokie, Ill. Fig. 1. One of the 10 large siab-column specimens tested. 
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Findings 


The strength of the test specimen was 
compared to that implied by provisions 
of the 1963 ACI Building Code. For 
specimens without ducts, agreement with 
the provisions of the ACI Code was 
reasonable except for the specimen sub- 
jected to an unbalanced loading. In this 
case the capacity of the slab-column 
junction was 15 percent less than pre- 
dicted. The test results were also com- 
pared with other investigations. 

The performance of specimens con- 
taining ducts located at least twice the 
slab thickness from the face of the 
column was not significantly different 
from that of specimens without ducts. 
However, the strength of specimens con- 
taining a duct located adjacent to the 
column was reduced when shear was 
critical. Based on these observations, it is 
recommended that service ducts of the 
size embedded in these specimens be kept 
at least twice the slab thickness from the 
face of a column. Larger ducts may need 
to be kept farther from the column. 

A test specimen containing a duct 3 in. 
from the end of shearhead reinforcement 
did not carry as much load as a compa- 
rable specimen without a shearhead. The 
duct apparently interfered with the man- 
ner in which the end of the shearhead 


TABLE 1. Features of Test Specimens 


picked up load. Based on these results, it 
is recommended that ducts not be placed 
near the end of shearhead reinforcement. 


BACKGROUND 


Previous investigations have been carried 
out on beams and slabs containing em- 
bedded ducts. In 1965, Burton@)* re- 
ported tests of two continuous T beams. 
The beams were identical except that one 
contained 7-1/4x1-3/8-in. ducts em- 
bedded transversely at 12-in. centers in 
the 7-in.-thick flange. When loaded to 
ultimate, both beams failed in flexure. It 
was concluded that the strength and 
behavior of the beam with ducts was not 
significantly different from that of the 
beam without ducts. 

Also in 1965, Gesund(2) reported tests 
on twenty 4%-in.-thick one-way slabs. 
Sixteen of these specimens contained 
7-1/4x1-3/8-in. ducts. Cover between the 
top of the duct and the compression face 
of the slab was 1 in. Loadings were 
applied to produce flexural failure in 
some specimens and shear failure in 
others. It was concluded that ducts 
placed in the direction of the reinforce- 


*Superscript numbers in parentheses desig- 
nate references on pages 11 and 12. 


ment of the one-way slab did not de 
crease the flexural or shear strength o 
the niember. Rather these ducts tende 
to strengthen and stiffen the member 
Although ducts placed transversely to th 
reinforcement of the one-way slab di: 
not affect flexural strength, it was ob 
served that these ducts could appreciabi: 
reduce shear strength. 

Architects and engineers have bee 
concerned about the effect that er 
bedded ducts may have on the behavia 
of flat slabs. It is sometimes advantageou 
to run a duct, particularly a feeder duct 
adjacent to the junction between the sla 
and column. In this region, large shear 
and moments act together, creating 
situation that may adversely affect th 
strength of the slab-column junction. 


TEST SPECIMENS 


Ten slab-column specimens were madi 
and tested. A sketch of the test specimen 
is shown in Fig. 2. The slab was 12 ft 1¢ 
in. square and 8 in. deep. It was sup 
ported by a central column extendin: 
above and below the slab. The features 0 
each specimen are listed in Table 1. 

The specimens were divided into thre 
groups according to the intended failur 
mode. The first letter of the specimes 
identification mark distinguishes betwee: 


Top mat Bottom mat 
Spec- Intended Distance Bar Spa., 
imen failure from col. size, size size in. 
mark mode to duct, CG 
A-1 
AD-2 Flexure No. 4 17 
AD-3 16 
sade : 
BD-5 0 
BD-6 Shear 16 14 No. 7 No. 5 9 
BDS-7 16 
BS-8 E = 
C-9 _ 
Shear 
CD-10 16 20 No. 7 No. 4 12 
| | 


3" DIA. HOLE FOR 
| POSTTENSIONING ROD 


3" DIA. THIN 
METAL TUBE 
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Fig. 3. Partial section showing typical details. 


these groups. The letter D indicates speci- 
men with embedded ducts; the letter S, 
specimen with a shearhead.(?) The num- 
ber is for the order in which the speci- 
mens were tested. 

The specimens were made with either 
a 14-in.- or 20-in.-square column. Slab 


reinforcement consisted of a top and 
bottom mat of two layers of identical 
bars placed at right angles. Size and 
spacing of these bars and the reinforce- 
ment ratio based on overall slab depth are 
in Table 1. A partial section showing 
typical details is presented in Fig. 3. 


Concrete 


The concrete was a mix of Type I 
portland cement, expanded-shale light- 
weight aggregate, and Elgin sand. Design 
compressive strength of the concrete in 
the slab was 3,000 psi, while that in the 
column was 5,000 psi. Maximum size of 
the coarse-aggregate particles was 3/4 in. 
The volume of Elgin sand was equal to 
one-half of the volume of the fine frac- 
tion of the lightweight aggregate. The 
properties of the slab concrete, deter- 
mined from tests on standard 6x12-in. 
cylinders carried out on the same day a 
specimen was tested, are listed in Table 2. 


Reinforcement 


The yield strength, ie and _ tensile 
strength, f, of the top and bottom 
reinforcement are given in Table 2. The 
yield stress of the column reinforcement 
was 66 ksi. All bars tested had a well- 
defined yield plateau and met require- 
ments of ASTM Designation A615‘4) 
Grade 60 reinforcement. 

The reinforcement in the group A 
specimens was about that required in the 
column strip of an interior panel of a 
flat-plate structure with 20-ft-square bays 
and designed for a dead load of 100 psf 
and a live load of 50 psf. Similarly, the 
reinforcement in group B_ specimens 
would be about that required for design 
dead and live loads of 100 psf and 250 
psf, respectively. Assuming the structure 
to have a width of 4 bays and a story 
height of 10 ft, the reinforcement in 
group C specimens would be about that 
required in the 15th story below the roof 
of a building subjected to a wind loading 
of 20 psf in addition to dead and live 
loads of 100 and 50 psf, respectively. 

Two specimens, BDS-7 and BS-8, con- 
tained a steel shearhead in the slab- 
column junction. The shearhead was fab- 
ricated from a 419.5 rolled-steel sec- 
tion(S) that met requirements of ASTM 
Designation A36.(6) Each of the four 
arms of the shearhead extended 20 in. 
from the center of the column. It was 
located so that the bottom surface of the 
Isection was covered by 3/4 in. of 
concrete. A special detail was used to 
make the shearhead continuous around 
the hole in the column. 

A stress-strain curve for the shearhead 
was obtained from a compression test on 
a short length of the Isection. This 
stress-strain curve first deviated from a 
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TABLE 2. Material Properties 


Specimen Slab Reinforcement 


mark concrete 
Top mat Bottom mat 


A-1 
AD-2 
AD-3 


B-4 
BD-5 
BD-6 
BDS-7 
BS-8 


C-9 
CD-10 


LEGEND: 
T. TELEPHONE 
P, POWER 
I. INTERCOM 
J.B, JUNCTION BOX 


HOLES FOR LOADING POINTS 
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Fig. 4. Plan view of duct system used in six specimens. 


straight line at 30 ksi, and exhibited a fla 
plateau at 43.5 ksi. From this test, it wa 
calculated that the plastic moment capa 
city of each arm of the shearhead wa: 
174 kip-in. 


Service Ducts 


A plan view of the two-level duct sys 
tem(7) embedded in six specimens i 
shown in Fig. 4. In this system 
7-1/4x1-3/8-in. feeder ducts carry tele 
phone, power, and intercom lines from « 
remote supply area to repeated lines o 
two 3-1/8x1-3/8-in. and one 
7-1/4x1-3/8-in. distribution ducts. Eact 
telephone feeder duct supplies one distri 
bution duct. However, each power anc 
intercom feeder duct supplies several dis 
tribution ducts. 

Tensile tests were conducted on 2-in. 
wide strips of the 14-gage duct steel. Ir 
these tests, the material exhibited a long 
yield plateau at a stress of 40 ksi, and « 
tensile strength of about 50 ksi. 

The middepth of the two-level duc 
system was located 3-7/8 in. below the 
top surface of the slab. Thus both the 
feeder ducts and the distribution duct: 
were located entirely on the tension side 
of the neutral axis. The distribution duct 
contained raised openings, called inserts 
spaced at 24 in. Rims of the insert 
projected 2-3/8 in. above the top of the 
duct, leaving then 1/8 in. below the top 
surface of the slab. The inserts were 
provided with dished-in covers. All hard: 
ware normally used in duct installation: 
(including supports, support couplers 
and service fittings) was used in these 
specimens. The ducts were coated wit! 
epoxy on both inside and outside sur 
faces. 

Since the top of each distribution duc 
was located 2-1/2 in. below the tox 
surface of the slab, it was possible to rux 
the top mat reinforcement over the distri 
bution duct. However, the spacing of the 
bars was adjusted to miss junction boxe: 
and inserts. 

The principal variable in this investiga 
tion was the distance, X, of the telephone 
feeder ducts from the column face. The 
location of the distribution ducts was no 
varied because these ducts are generally 
located away from columns. As shown ir 
Fig. 3, the feeder ducts were perpendicu 
lar to the inside layer of top mat bars. 


Test Procedure 


Tests were conducted using equipmen’ 
and procedures described elsewhere .(8>9 


Ouee. 4 6 810° 2 14 
LOAD STAGE 


f 
Fig. 5. Schematic diagram of loading 
procedure. 


Prior to testing, the base of the column 
was aligned over a hole in the test floor 
and set in grout. Subsequently, the speci- 
men was posttensioned through the col- 
umn to the test floor with a force of 
approximately 170 kips. Vertical down- 
ward loads were applied as shown in Fig. 
2 at locations around the edge of the slab. 
These loads were applied in increments as 
shown schematically in Fig. 5. At each 
load stage, the loads were maintained for 
from 10 to 20 minutes while measure- 
ments were taken. Longer hold periods 
were allowed at load stage 5 or 11. 

Appendices to this report give further 
details of the laboratory work and addi- 
tional data. 


EXPERIMENTAL RESULTS 


The size of the column and the reinforce- 
ment of the slab were varied in the test 
specimens so that three different condi- 
tions were critical. These included bal- 
anced loading where either flexure or 
shear was critical, and an unbalanced 
loading where shear was critical, as indi- 
cated in Table 3. In both the balanced 
flexure and balanced shear cases, equal 
loads were applied at all 16 loading points 
around the edge of the slab. Therefore, 
only shear and no moment was trans- 
ferred from the slab to the column at the 
slab-column junction. 

In the unbalanced shear case, equal 
loads were applied at those loading points 


PCA Research and Development Bulletin 5 


TABLE 3. Test Results 


Loading Load stage Dead load Strength 

Spec- at or shear, att 

imen preceding Va, Shear, Unbalanced moment, 

mark failure kips Vu, M,, 
kips kip-ft. 

zt = ae calla te 

A-1 14 isis THA 

AD-2 Balanced 13 Leyes 74.2 

AD-3 14 13.7 13.5 0 

B-4 14 14.8 110.2 (0) 

BD-5 8 14.6 76.3 0 

BD-6 Balanced 12 13.9 98.6 0 

BDS-7 12 13.9 93.3 0 

BS-8 15 13.8 126.3 10) 

a al 
Cc-9 nkalanced 12 12.9 63.7 116.8 
CD-10 11 13.0 62.5 114.0 


indicated by the numbers 1| through 5 in 
Figs. 2 and 4. Additional loads were 
applied at loading points 7 and 15, each 
of which was equal to 4 times the load 
applied at each of points 1 through 5S. 
Therefore, both shear and moment were 
transferred from the slab to the column 
in this loading case. To maintain equilib- 
rium in the test specimen, a horizontal 
restraining load was applied 4 in. below 
the top of the column, so that a zero 
moment condition was maintained at the 
base of the column. This load was equal 
to 3 times the load applied at points 1 
through 5. All loads were applied by 
means of rams connected to a common 
hydraulic pump. 

The maximum load carried by each 
specimen before failure occurred is given 
in Table 3. This load is expressed in terms 
of the total ultimate shear, V,, and 
unbalanced moment, M_,,, transferred at 
the slab-column junction. It includes the 
weight of the slab and weight of all 
loading equipment supported by the slab. 
In addition, Table 3 lists the load stage at 
or preceding failure and the shear, V,, 
acting at the slab-column junction due to 
the weight of the slab and the weight of 
the loading equipment. 


Failure Surface 


Views of AD-3, BD-6, and CD-10 after 
failure are shown in Fig. 6. The outline of 


the embedded duct has been marked on 
the top surface of the slab with black 
tape. The tops of the junction boxes and 
several service fittings can be seen, as well 
as the crack patterns marked on the 
surface of the slab during the test. 

All specimens failed by punching in 
the region around the slab-column junc- 
tion. In A-1, B-4, C-9, and CD-10, failure 
occurred along the inclined cracking in 
the slab adjacent to the column. It was 
generally easy to separate the column and 
part of slab above the inclined cracking 
from the remainder of slab, as illustrated 
in Fig. 7. In this figure, the sign is on the 
face of the column transverse to the 
unbalanced moment. The failure surfaces 
in BS-8 were moved outward from the 
column, along inclined cracking through 
the ends of the shearhead. In all remain- 
ing specimens that contained ducts the 
failure appeared to be initiated along 
similar inclined cracking surfaces, but 
subsequently spread to the middepth of 
the duct system. Views of the two sepa- 
rated parts of BD-5S are shown in Fig. 8. 
Large deformation of the duct adjacent 
to the column can be seen. 


Deflections 


The measured deflection for A-l, at a 
point located 2 in. inside of load point 3, 
is shown in Fig. 9. This plot, obtained 
with an X-Y recorder, shows the effect of 
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(a) 
SPECIMEN AD-3 


(b) 
SPECIMEN BD-6 


ca} 
Me SPECIMEN CD-1O 


(b) REMAINDER OF SLAB 


Fig. 8. Separated parts of test specimen showing 
large deformation of duct adjacent to column. 


Fig. 7. Column and part of slab separated from rest of slab along inclined cracking. 
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Fig. 9. Plotted deflection for specimen A-1. 
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Fig. 10. Comparison of idealized deflections for all test specimens. 
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applying and removing loads in incre- 
ments. It also provides an indication of 
the behavior of the specimen after punch- 
ing occurred. In order to make compari- 
sons between specimens, it was conven- 
ient to idealize the deflection in the 
manner illustrated. 

A comparison of the idealized deflec- 
tions for all specimens is presented in Fig. 
10. Specimen A-1, which did not contain 
ducts, carried an applied load causing a 
shear, V, equal to 64 kips before a sudden 
punching failure occurred. In AD-2, 
which contained a duct adjacent to the 
column, punching began at an applied 
shear of 54 kips. However, this specimen 
exhibited a significant postpunching load 
capacity. This reserve strength was appar- 
ently due to the reinforcing effect of the 
ducts. The observed load deflection rela- 
tionship of AD-3, with a duct twice the 
slab thickness from the column, was 
between that of A-1 and AD-2. This 
specimen failed gradually. The point 
where punching began was not detectable 
from the deflection plot. 

Specimen B-4, which did not contain 
ducts, failed suddenly due to punching at 
an applied shear of 95 kips. Specimen 
BD-5, with a duct adjacent to the col- 
umn, failed at an applied shear of 62 kips. 
Here, again, the reinforcing effect of the 
ducts after punching began provided a 
significant reserve strength. The observed 
load-deflection relationship for BD-6, 
with a duct twice the slab thickness from 
the column, was between that of B-4 and 
BD-5. This specimen failed at an applied 
shear of 85 kips. 

The location of the ducts in BDS-7 
was the same as for BD-6; however, this 
specimen contained shearhead reinforce- 
ment in the slab-column junction. The 
end of the shearhead was 3 in. from a 
duct. This specimen failed due to punch- 
ing at an applied load of 79 kips, some- 
what less than BD-6. Specimen BS-8, 
which contained similar shearhead rein- 
forcement but no ducts, withstood an 
applied shear of 112 kips before punching 
occurred. Although it is not clear why 
BDS-7 could not carry as much load as 
BD-6, it appears that the duct near its end 
considerably reduced the effectiveness of 
the shearhead. 

There was no significant difference 
between the deflections of C-9 and 
CD-10. Both failed under an applied shear 
of about 50 kips. 

Rotation was measured between the 
face of the column and lines normal to 
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the slab located 8 in. and 16 in. from the 
face of the column. It was found that the 
rotation of both lines was nearly equal. 
This indicates that the inelastic part of 
the rotation was concentrated near the 
column. Deflection measurements on the 
tension surface of the slab of specimens 
without shearheads also indicate that 
there was very little curvature of the slab 


except close to the face of the column. 
For the specimens with shearhead rein- 
forcement, the curvature was concen- 
trated at the face of the column and at 
the end of the shearhead. 


Strain Measurements 


Strain measurements on the reinforcing 
bars indicated that those running through 
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Fig. 11. Observed reinforcement strains at selected load stages. 
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Fig. 12. Average strain in two reinforcing bars running through column. 


the column were stressed considerably) 
higher than the other bars in the slab. The 
distribution of these strains at selected 
load stages for A-1, B-4, and C-9, at a: 
section parallel to and 2 in. from the face: 
of the column from which X is measured. 
is shown in Fig. 11. 

In Fig. 12, the average strain measureck 
in the two reinforcing bars running; 
through the column is shown for eachi 
test specimen. The symbol U at the last 
point on a plot indicates a measurement 
at the ultimate load. Otherwise, a load 
stage number is given that corresponds tox 
the last measurement before yielding of 
the reinforcement occurred. Generai 
yielding of the reinforcement at this: 
section occurred in all group A speci- 
mens. In BS-8, only the bars on each side: 
and adjacent to the column yielded be- 
fore failure. In C-9 and CD-10, only the: 
bars through the column yielded before: 
failure. 

Strain was also measured on the con-. 
crete of the compression surface of the: 
slab 2 in. from the face of the column: 
from which X is measured. Maximum: 
strains were about 0.0012 in the group A’ 
specimens, and 0.002 in the group B and! 
group C specimens, except for BD-5. The 
maximum strain measured on this speci-: 
men was near 0.003. For all specimens in. 
group A and also for CD-10, the maxi- 
mum strain was recorded before punching 
failure occurred. In several other speci- 
mens, the rate of increase of this strain 
decreased at load stages near failure. 

Readings from gages on the top and 
bottom surfaces of the duct near gages 
placed on reinforcing bars provided evi- 
dence of good composite action between 
the ducts and slab. 

In BDS-7 and BS-8, strain measure- 
ments were made at sections 5% in. and 
11 in. from the end of the shearhead arm 
protruding from the face of the column 
from which X was measured. These meas- 
urements were used to approximately 
determine the applied load shear, V,, 
carried by the shearhead. It was found 
that there was good composite action 
between the shearhead and the surround- 
ing concrete. Since the neutral axis of the 
slab was below the centroid of the shear- 
head, the applied loads induced tension as 
well as moment and shear in the shear- 
head. It was noted that most of the shear 
carried by the shearhead was picked up at 
the end. These results agree with those 
reported by Corley and Hawkins.(3) 

A plot of applied shear, V, against the 


20 


| 
) 
| 40 


hear carried by the shearhead, V,, is 
hown in Fig. 13. Cracking in the slab 
lose to the column was generally ob- 
erved at load stage 1. Thus Fig. 13 
ndicates that, after cracking, the shear- 
ead was transferring about 45 percent of 
he applied shear to the column. The line 
n Fig. 13 is dashed after load stage 10 
ecause at this point the maximum flex- 
ral stress in the shearhead exceeded 30 
si. This was the stress at which the 
tress-strain curve obtained from a com- 
ression test first deviated from a straight 
ine. The maximum strain measured on 
he tension side of the shearhead arm, 11 
n. from its end, was 0.0010 in BDS-7 and 
).0014 in BS-8. 


srack Widths 


n the group A specimens, cracks in the 
lab close to the column had a width of 
bout 0.1 in. at the last load stage before 
unching occurred. Generally, the maxi- 
num width of cracks away from the col- 
mn was about 0.04 in. Prior to any 
ielding of the reinforcement, at load 
tage 8 or 9 the maximum width of 
racks close to the column was about 
).03 in. 

Also at the last load stage before fail- 
re, the maximum crack width measured 
1 any group B specimen was less than 
.03 in. Likewise, in the group C speci- 
aens, crack widths of up to 0.06 in. were 
neasured close to the column. Cracks 
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ig. 13. Plot of applied shear, V, against shear carried by shearhead, V,. 
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away from the column had widths of less 
than 0.03 in. 


ANALYSIS OF TEST RESULTS 


As previously described, ultimate load 
was reached in all specimens when punch- 
ing occurred in the slab near the column 
or shearhead. The stresses acting in this 
region are very complex, primarily be- 
cause of inclined cracking in the slab 
around the column. The concrete in the 
zone between the apex of the inclined 
cracking and the face of the column 
carries compression and shear. However, 
it could not clearly be established that 
the failure started in this zone. Rather, 
the punching-type failures may have been 
started by doweling forces causing split- 
ting of the concrete at the intersection of 
the inclined cracking and the tension 
reinforcement. 

Because of this complex behavior, the 
shear strength of the slab-column junc- 
tion is generally considered to be related 
to a nominal shear stress, computed by 

V, 


u 

v, bd (1) 

where y,, = nominal ultimate shear stress 

V,, = total ultimate shear acting at 
the slab-column junction 

b = perimeter of column 

d = distance from extreme com- 
pressive fiber to centroid of 


tension reinforcement 


The ACI-ASCE Committee 326 (now 
426) Report 9) reviews the development 
of nominal shear stress equations. It also 
explains provisions of the 1963 ACI 
Building Code(!) for the design of slabs 
and footings, much of which was taken 
from an investigation by Moe.(!2) In his 
investigation, Moe recommended that the 
shear strength of symmetrically loaded 
normal-weight concrete slabs be com- 
puted from 

vy. 151 —0.0755) Vf 
yp == Findelkind lite (2) 


4 bd bd </f' 
epaeetiaa 


where Vitex 
C=side dimension of square col- 
umn or, for rectangular columns, 
€1 [1-(2/e1) + (c27/c1 =) 
where c; and C are the longer 
and shorter sides, respectively 
Vrlex = computed ultimate shear caus- 
ing flexural failure of slab 
For design, V,, is taken equal to Vitex 
and Eq. (2) becomes 


. 
tree (EEL ibis) oi ole) 


However, Eq. (3) is not applicable 
either for very large or for very small 
values of c/d. Consequently, Committee 
326 proposed that shear strength be 
computed from 


Vai bagey Ghia Aas 

site: sale Ni (4) 
Committee 326 further noted that Eq. 
(4) is equivalent to_limiting the nominal 
shear stress to 4\/f’, on a critical section 
taken at a distance d/2 from the periph- 
ery of the column. This approach was 
adopted in the 1963 ACI Code, since it 


was closer to current design practice. 
Therefore, 


fm ? 
Vy ie bo 4, (5) 


where b, = periphery of critical section at 
a distance d/2 from the perim- 
eter of the column 
In an investigation of lightweight- 
aggregate concrete slabs, Hognestad, et 
al.,43) found that shear strength equa- 
tions for normal-weight concrete slabs 
were applicable if the influence of the 
concrete was expressed by the splitting 
tensile strength ie rather_than +/f.. 
Accordingly, by setting Vf", equal to 
lis /6.7 as determined from tests on the 
same concrete that Moe used in his 
investigation, Eqs. (2) and (5) become, 
respectively, 
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Cre 
ste erica REI 
a Acd cd fe 
1 + 3.136 ——? 
flex 
. 7) 
a = 06 ( 
*u ~ 4d(ctd) Isp 


Eq. (7) follows directly from Eqs. (17-7) 
and (17-10) of the 1963 ACI Code if the 
capacity reduction factor, ¢, is assumed 
equal to one, and measured values of be 
are used instead of F,, iss 


For unsymmetrically loaded slabs, 
moment in addition to shear is trans- 
ferred across the slab-column junction. In 
this case Moe recommended that the 
nominal shear stress acting on the slab- 
column junction be computed from 


V. KMc 
aa aad (8) 
bd ip 
where 
M =ultimate unbalanced moment 


u 
acting at the slab column junction 


K =a factor that defines the part of 
M,, producing vertical shear stress 
on the critical section 


Coy = distance from the centroidal axis 
to the most remote part of the 
critical section where the shear 
stress due to M, adds to the shear 

___ Stress due to V,, 

J.= property of the area of the 
critical section analogous to polar 
moment of inertia that makes the 
vertical shear stress due to M, 
increase linearly with the distance 
from the centroidal axis 

Based on an analysis of his test results, 

Moe suggested K be taken equal to 1/3. 
For an interior junction of a square 
column and slab, c,, is equal to c/2 and 


J, is equal to 2 c?d/3. Therefore, 


¢ Cc. , 
ee V,, M,, 2 ee LE Ue 
HB Acd. 4c? d 


1+ 3.136 aL (9) 
flex 

Based on an analysis of the work of 
Moe and other investigators, Committee 
326 recommended that nominal shear 
stress acting on the slab-column junction 
of unsymmetrically loaded slabs be com- 
puted from 


V, KM 
ae ee ee) 
bd Ai 


wheye 
K=a factor that defines the part of 
M,, producing vertical and hori- 


zontal shear stress on the critical 
section 
J, = property of the area of the critical 
section analogous to polar mo- 
ment of inertia that makes the 
vertical and horizontal shear stress 
due to M,, increase linearly with 
the distance from the centroidal 
axis : 
Committee 326 suggested a K value equal 
to 0.2, but a later analysis(14) of avail- 
able test data showed that K should be 
taken equal to 0.4. Then for an interior 
junction of a square column and slab, c,, 
is equal to (c+d)/2, J is equal to 
[2d(c+d)? /3 + (c+d)d? /6] , and 


SN ee ee 
uw Ad(e+d) “4a(ctd)? +d 
(11) 


In Table 4, values of shear strength, 
calculated from the appropriate preceding 
equations, are given for each specimen 
and compared to the test shear strength. 
The effective depth, d, was assumed equal 
to the distance from the extreme com- 


pression fiber to the middepth of the to: 
reinforcing mat. 

For the specimens with shearhead rein 
forcement, BDS-7 and BS-8, the length o 
the design section, b,, was taken as th’ 
periphery of a critical section connectin: 
points at both edges of each arm of th 
shearhead that are located three-fourtly 
of the distance from the face of th’ 
column to the end of the shearhead. Alse 
the critical section was not taken an% 
closer to the column than the section fox 
a slab without a shearhead, the distance; 
d/2, as recommended by Corley ane 
Hawkins.(3) 

Also listed in Table 4 is the value a 
Vex for each specimen. This is the shea 
calculated to be acting at the slab-colum: 
junction when the yield line momem 
capacity of the slab is reached. For BDS- 
and BS-8, the plastic moment capacity o 
the shearhead was added to the yield lin: 
moment capacity of the slab. The yiel: 
line moment capacity of the slab wa 
calculated using the provisions of Sectioy 
1503 of the 1963 ACI Building Code 


TABLE 4. Calculated Strength of Test Specimens 


Flexure Shear 
Specimen V-,,, (test) V,, (test) 
mark Vejex (calc) oa V (calc) V,, (calc) ae 
Veie,(calc) V,, (calc) 
| kips kips kips 
Governed by Flexure 
A-1 
AD-2 
AD-3 
Governed by Shear 
B-4 175.2 0.63 
BD-5 165.1 0.46 
BD-6 177.4 0.56 
BDS-7 184.4 0.51 
BS-8 176.8 0.71 
Governed by Combined Shear Modified Comm. 326 
and Unbalanced Moment Moe — Eq. (9) Eq. (11) 
C-9 114.0 0.56 66.9 0.95 74.7 0.85 
CD-10 110.2 0.57 65.0 0.96 73.9 0.85 


easured strengths of the concrete and 
inforcement were used. Strain harden- 
g of the reinforcement was neglected. 

The comparisons in Table 4 indicate 

‘at the ducts in the slabs of the group A 
id group C specimens did not signifi- 
'‘ntly affect their strength. The ducts in 
e group B specimens did cause a reduc- 
dn in test strength of about 21 percent 
hen a duct was located adjacent to the 
»lumn, and 10 percent when a duct was 
cated twice the slab thickness from the 
ylumn. 
It should be noted that the calculated 
iear strengths of the group A specimens 
ere much greater than their flexural 
rengths. Conversely, the calculated flex- 
‘al strengths of the group B specimens 
ere much greater than their shear 
rengths. In design, the calculated flex- 
ral and shear strengths are likely to be 
iore nearly equal. Therefore, the 
rength reduction of 10 percent for BD-6 
| about the maximum that should be 
Kpected when ducts of the size used in 
lis investigation are kept at least twice 
1e slab thickness from the column. 

It is clearly important to keep ducts 
way from the ends of shearhead arms. In 
DS-7, the edge of a duct was located 3 
1. from the end of one arm of the 
vearhead. Specimen BDS-7 carried con- 
derably less load than BS-8. This is 
ndoubtedly related to the experimental 
bservation that nearly all of the shear 
arried by the shearhead was picked up at 
1e end. 

Although the final mode of failure of 
1e group A specimens was punching 
ear, punching occurred after the speci- 
ens had fully developed their flexural 
apacity. This is indicated by the fact 
at the ratios of V,(test)/V}),,, (calc) are 
l greater than one. The punching prob- 
bly was influenced by the early yielding 
f the flexural tension reinforcement in 
ve vicinity of the column, and by the 
rge deflection of the edges of the slab. 
oth of these actions tend to reduce the 
istance between the neutral axis and the 
xtreme fiber in compression. The large 
eflections may also induce tension in the 
ab in the vicinity of the slab-column 
inction, as described by Taylor.( 5) 

Calculated values of shear strength 
om Moe’s Eq. (6) were considerably 
eater than the test results for both the 
‘coup A and B specimens. Since Moe’s 
yuation is known to correlate well with 
revious tests on smaller specimens, these 
sts suggest that further consideration 
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must be given to the influence that size 
and the moment-to-shear ratio have on 
shear capacity of flat plates. 

Ratios of test to calculated shear 
strength for B-4 and BS-8, determined 
according to Eq. (7) from the 1963 ACI 
Code, are satisfactory although slightly 
less than one. In each case, these ratios 
are larger than the capacity reduction 
factor, 6, of 0.85 as recommended for 
shear in the 1963 ACI Code. 

The strength of C-9 and CD-10 was 15 
percent less than that calculated from the 
Modified Committee 326 Eq. (11). In 
addition to the previously mentioned 
effects that could have reduced the 
strength of these specimens, it should also 
be noted that the balanced part of the 
applied loading acted primarily on only 
two of the sides of the slab-column 
junction. Despite this unusually severe 
loading condition, the ratios of test to 
calculated strengths did not fall below ¢ = 
0.85. 
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NOTATION 
b = perimeter of column 
b, = periphery of critical section at a 


distance d/2 from the perimeter 
of the column 


c = side dimension of square column 
or, for rectangular columns, 
€1 [1{c2/e;)+(c2?/c17)] where 
Cc, and cy are the longer and 
shorter sides, respectively 

Coy = distance from the centroidal axis 
to the most remote part of the 
critical section where the shear 
stress due to M,, adds to the shear 
stress due to V,, 

d =distance from extreme fiber in 
compression to centroid of ten- 
sion reinforcement, i.e., to mid- 
depth of top mat 

£, =modulus of elasticity of concrete 

fi = compressive strength of concrete 

fe = tensile strength of reinforcement 


Hess = splitting tensile strength of con- 
crete 

fy = yield stress of reinforcement 

K, K = factors that specify the part of 


M,, producing shear stress on the 
critical section 

J., J, = property of the area of the criti- 
cal section analogous to polar 
moment of inertia 

M, =ultimate unbalanced moment act- 
ing at the slab-column junction 

o) = capacity reduction factor 


vy, | =nominal ultimate shear stress 


V _=shear acting at the slab-column 
junction due to applied loads 
V, =shear acting at the slab-column 


junction due to weight of slab 
and loading equipment, i.e., dead 
load 

Viex = computed ultimate shear needed 
to develop yield line capacities of 


the slab 

V,  =shear due to applied loads carried 
by the shearhead 

V.__=total ultimate shear acting at the 
slab-column junction 

X  =distance from face of column to 


nearest embedded metal duct 


APPENDIX |. Laboratory Work 


Fabrication, instrumentation, and testing 
of the specimens employed methods and 
equipment used at the PCA Structural 
Laboratory and described elsewhere.(8>9) 


Fabrication 


The form for the test specimens was 
made of %-in. plywood and 2x4-in. lum- 
ber. It was coated with a light oil prior to 
each casting. Both reinforcing mats were 
tied together with iron wire and sup- 
ported on wire chairs. The ducts were 
supported with hardware provided by the 


manufacturer. A photograph of AD.- 
prior to casting is shown in Fig. 14. 

To accommodate the hole in the cc 
umn, a special detail was used to mak 
the shearhead reinforcement continuou 
This detail is shown in Fig. 15. 

In mixing the concrete, the aggregat: 
were mixed for two minutes with abos 
two-thirds of the total mix water befo: 
the cement and remaining water we: 
added. Accepted slumps ranged betwee 
1% and 4 in. However, closer control w: 
exercised over the four batches going int 
the slab-column junction where accepte 
slumps ranged between 2% and 3% in. 

Four to six percent air was entrain 
in the concrete by the addition of a 
agent at the mixer. Unit weight of tt 
concrete ranged between 106 and 11 
pef. This variation was partly due t 
changes in the moisture content of tk 
lightweight aggregate, as a result of thes 
aggregates being stored outside. 

After the top surface of the slab ws 
screeded and finished, the slab was co 
ered with plastic sheets. Two days laté 
the plastic sheets were removed. The to 
column was cast the next day. 

The test specimen was removed frox 
the form on the seventh day after castin 
and stored in the laboratory where th 
temperature and humidity are maintaine 
at 70 F and SO percent, respectively. 


Fig. 14. Test specimen before casting shows form, reinforcement mats, and ducts. 


‘strumentation 


jectrical resistance strain gages were 
ounted on the reinforcing bars, duct, 
d shearhead reinforcement before being 
aced in the form. These gages had a 
agth of 1 in. Gages mounted on the 
yncrete after the specimen had been cast 
id a length of 2% in. Measurements of 
rain on these gages were made using 
ther Sanborn 67A continuous recording 
scillographs or portable strain indicators. 
| Load at two points along the edge of 
1e slab was measured by load cells 
onnected to the Sanborn equipment. 
otation of the slab at selected distances 
‘om the column was measured by pairs 
f linear variable differential transformers 
LVDT’s) connected between the face of 
re column and the top and bottom 
irfaces of the slab, respectively, and 
oupled together. Deflections around the 
dge of the slab and on selected lines 
xtending outward from the centerline of 
he column were obtained by precision 
2vel readings on vertical scales cemented 


35g DIA. HOLE 
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to the top surface of the slab. Deflection 
at the midpoint of one edge of the slab 
was plotted on a Hewlett-Packard X-Y 
Recorder, using a 10-in. linear potenti- 
ometer. 

Cracks were marked as observed visu- 
ally at each load stage. Crack widths were 
measured at selected locations with a 
hand microscope graduated to 0.001 in. 
A photograph was taken to show the 
development of cracking in the top sur- 
face of the slab at each load stage. 


Testing 


A view of Specimen BD-6 during testing 
is shown in Fig. 1. Loads around the edge 
of the slab were applied by means of steel 
rods connected between two-way pivot 
plates resting on the top surface of the 
slab, and a system of 4x4-in. steel tubes 
and hydraulic rams reacting against the 
underside of the test floor. After reaching 
each load stage, the hydraulic ram system 
was cut off from the pump by means of a 
high pressure hydraulic valve. By follow- 


(08) 
5X5 STEEL TUBE — 
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ers 


Vo Pe 


BOTTOM SURFACE 
OF SLAB 


SECTION A 


‘ig. 15. Shearhead details include special accommodation for hole in column. 


ing this procedure, the deflections at the 
edge of the slab were held nearly constant 
while measurements were taken. When all 
data were recorded, the ram system was 
reconnected to the pump and another 
increment of load was applied. 

The earliest that any specimen failed 
was Load Stage 8, as defined in Fig. 5. 
Other specimens reached or slightly ex- 
ceeded Load Stage 14. From 3 to 6 hours 
were required to conduct a test. 

Measured properties of the concrete 
were reported in Table 2. These tests 
were all carried out on the same day that 
the specimen was tested. The compressive 
strength, fe , was an average of tests on 
20 standard 6x12-in. cylinders, five from 
each of the four batches of concrete 
going into the slab-column junction. The 
splitting tensile strength, f,,, and modu- 
lus of elasticity, E, , were an average of 16 
and 4 tests, respectively, on similarly 
representative cylinders. Compression 
tests were also carried out on cylinders 
taken from batches going into other parts 
of the specimen. These results did not 
differ significantly from those'in Table 2. 

The reinforcing bars were obtained 
from one manufacturer, but in different 
lots. Tension tests were conducted on 
three samples taken from the reinforce- 
ment used in the top mat, and two 
samples taken from the reinforcement 
used in the bottom mat in each specimen. 
Values of and f, in Table 2 were 
averages of these tests. Representative 
stress-strain curves for the reinforcing 
bars are shown in Fig. 16. A stress-strain 
curve obtained from a compression test 
on a short length of the shearhead mate- 
rial is also shown in Fig. 16, and also a 
stress-strain curve obtained from a ten- 
sion test on a 2-in.-wide strip of the 
14-gage duct material. 


APPENDIX II. Additional Test Data 


Since there is little information available 
on the behavior of large slab-column 
members, additional deflection, rotation, 
and strain data from the test specimens 
are presented here. 

The deflections along the strong and 
weak centerlines, as indicated in Fig. 4, of 
specimens without ducts are presented in 
Fig. 17. Except for BS-8, these measure- 
ments were obtained at the last load stage 
before failure. For specimens without 
shearhead reinforcement, the deflection 
increases approximately linearly with the 
distance from the column. For the speci- 
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men with a shearhead, BS-8, the deflec- 
tion increases linearly with distance from 
the end of the shearhead. Consequently, 
except for BS-8, most of the rotation 
between the slab and column took place 
at or near the slab-column junction. 

Additional measurements of deflection 
at points near the corners and along the 
sides of the slab are shown in Fig. 18. It 
can be observed that the corners of the 
slab deflected about twice as much as 
points along the strong centerline of the 
specimens. 

Measurement of rotation for C-9 be- 
tween the face of the column and a line 
normal to the slab, as defined by the 
points where the LVDT’s were attached 
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STRESS 
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Fig. 16. Stress-strain curves for reinforcement bars, for 


shearhead material, and for duct material. 


to the top and bottom surface of the slab, 
is shown in Fig. 19. This plot was 
obtained with an X-Y recorder, in the 
same manner as the deflection shown in 
Fig. 9. The distance EF was equal to 16 in. 

A comparison of the idealized rota- 
tions for the specimens without ducts is 
shown in Fig. 20. It can be seen that the 
rotation of a line 8 in. from the column is 
about the same as a line 16 in. from the 
column. This further supports the obser- 
vation that most of the rotation in the 
slab was concentrated near the column. 

Measurements of concrete strain are 
presented for all of the test specimens in 
Fig. 21. The concrete strain in Specimens 
A-1 and AD-3 showed a marked tendency 
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Ult.=l00 ksi 
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to decrease as the ultimate load wa 
approached. The strain in Specimen AD-) 
dropped off sharply near ultimate, bur 
this occurred after punching began. 

An indication of the distribution o 
strain near the column for the specimem 
without ducts is given in Fig. 22. Thi 
plotted strains are all at loads less ther 
that causing yield of the reinforcemera 
running through the column. It may bi 
observed that the different amounts ox 
reinforcement in A-l, B-4, and C+ 
changed the position of the neutral axis 
The strain distribution for BS-8 show 
that good composite action was obtainee 
between the shearhead and the surround 
ing concrete. 
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Fig. 17. Slab deflections along strong and weak 
centerlines for specimens without ducts. 
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Fig. 19. Plotted rotation for specimen C-9. 


PCA Research and Development Bulletin 15 
y 6100 
il 
| / / STRONG ¢ 
CORNER 
me O° WEAK ¢. 
1 60 
PS 
| STRONG ¢ 
im 70 CORNER 
WEAK ¢ 
) f, STRONG ¢ 
20 
| CORNER LOADED 
ff—WEAK €) EDGE 
| B-4 val. Cz9 
| | | 1 es S 
e) 0.5 | O05 | ES O OS | a (es 
DEFLECTION , IN. 

ig. 18. Additional deflection measurements near corners and along sides of slab. 
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Fig. 20. Comparison of idealized rotations for specimens without ducts. 
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Fig. 21. Measurements of concrete strain adjacent to column for ali 


specimens. 
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Fig. 22. Distribution of strain near the column for specimens without ducts. 
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aggregate concretes, embedded service ducts, flexural tests, shear tests, 
punching shear, reinforcing steels, high strength steels. 


ABSTRACT: Tests were carried out on 10 large slab-column specimens made 
of lightweight-aggregate concrete and high-strength reinforcement. Six con- 
tained embedded service ducts. The load capacities of three were governed by 
the flexural strength of the slab; five, including two with shearhead 
reinforcement, were governed by shear at slab-column junction; two were 
governed by combined shear and unbalanced moment at slab-column 
junction. Results showed that embedded service ducts can safely be used in 
flat plates, but they should be kept at least twice the slab thickness from a 
column. 
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